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energy expenditure (EE) and substrate oxidation rates were measured two times in eight postobese women and eight matched controls. On one occasion the subjects were exposed to a room temperature of 16"C, on the other to 24°C. Cold exposure elicited a 2% increment in 24-h EE (P < 0.05), with similar response in the two groups. The slight increase in EE was entirely covered by an enhanced carbohydrate oxidation rate. Fasting plasma norepinephrine (NE) increased from 0.74 t 0.08 to 1.29 t 0.21 nmol/l under cold exposure (P < 0.05), with no group difference. The cold-induced increase in 24-h EE was positively correlated to the increase in NE concentration (r2 = 0.41, P = 0.01). Sleeping EE was found to be 5% lower in the postobese women than in the controls (P = 0.04). The postobese group also had higher 24-h nonprotein respiratory quotient than the control group (P = 0.04), which was due to a 26% lower lipid-to-carbohydrate oxidation ratio. The study demonstrates that the thermogenic response to cold is normal in women susceptible to obesity, but it supports previous reports of a slightly lower basal EE and lower lipid-to-carbohydrate oxidation ratio in postobese subjects. nonshivering thermogenesis; norepinephrine; obesity; substrate oxidation rate; sympathoadrenal system VARIATIONINENERGYEXPENDITURE (EE)betweensubjects may partly be attributed to differences in sympathetic nervous system (SNS) activity. Twenty-four-hour EE has been demonstrated to be positively correlated to fasting and postprandial plasma norepinephrine (NE) concentrations or 24-h urinary NE excretion in nonobese Caucasians (3, 24) . It may be suggested that a low EE due to an impaired thermogenic efficiency of SNS is a predisposing factor for weight gain. The NE response to glucose is abolished in reduced-obese subjects (2) and as diet-induced thermogenesis partly is mediated by SNS (1, 11, 26) the lower glucose or diet-induced thermogenesis in postobese or reduced-obese humans (12, 13, 27) may be caused by an impaired SNS response.
Studies on rats have demonstrated a central role of SNS in cold-induced nonshivering thermogenesis (16, 18, 25) , and SNS probably mediates nonshivering thermogenesis also in humans. Therefore, cold exposure may be an appropriate approach to test for possible abnormalities in the thermogenic responsiveness of SNS.
Even within the comfort range of the environmental temperature a small reduction elicits a thermogenic response in normal subjects (10, 29) . Hence, it seems possible to provoke cold-induced thermogenesis without exceeding the threshold for cold shivering and thus to study the role of factors not related to skeletal muscle motor activity. In the present study, measurements of 24-h EE at comfort temperature and during mild cold exposure were performed in a group of postobese women and in a control group.
SUBJECTS
Eight postobese women and eight women without any history of obesity were recruited by advertising or after a successful weight reduction program at our department. All women were premenopausal. Women having any symptoms of metabolic, psychiatric, or cardiac diseases were excluded as were women with a regular drug intake other than contraceptives. All postobese subjects reported being weight stable for at least 3 mo before the EE measurements. Subject characteristics are presented in Table 1 . Fat-free mass (FFM) was similar in the two groups but fat mass (FM) was slightly greater in the postobese subjects. Maximum body mass index was calculated from selfreported maximum body weight and measured height and ranged between 29.8 and 39.8 kg/m2 in the postobese women. On entry to the study, BMI was ~26.1 kg/m2 in all postobese subjects. The study was approved by the Municipal Ethical Committee of Copenhagen and Frederiksberg.
Methods. EE and substrate oxidations were measured by open-air circuit calorimetry in a respiration chamber described previously (4). The flow of the outgoing air was adjusted to standard temperature, pressure, and density conditions. Carbon dioxide was measured at a constant temperature of 6O"C, whereas the oxygen analyzer was not influenced by changes in temperature of the gas. Measured heat production of ethanol cornbusted in the chamber was found to be similar at 24 and 16°C. Calculations of EE and substrate oxidation rates were based on the constants given by Brouwer (7) and are described in more detail elsewhere (8). Previous measurements in our respiratory chambers using a similar protocol have shown a within-subject coefficient of variation for repeated measurements of 2.3% for 24-h EE (4).
Two 24-h measurements were carried out on each subject: one while maintaining a temperature of 16°C and 60% humidity in the chamber throughout and one at 24°C and 50% humidity during the day and lS°C and 60% humidity at night. In each of the two groups the subjects were randomized, so one-half of the subjects underwent the 16°C experiment as their first experiment, and one-half started with the 24°C experiment. The cold exposure was potentiated by the air-mixing current of the chamber passing from the ceiling down along the walls. The speed of the air current was stratified in the chamber and was 0.23 m/s at the desk and 0.05 m/s at the recliner measured by an anemometer. The subjects were instructed to wear exactly the same indoor clothes during both experiments, and pullovers, overcoats, etc. were not permitted. In the 16°C experiment the subjects were instructed to use a thin blanket provided to cover the upper body. At night they slept in normal nightwear beneath an eiderdown.
A diet was prepared to control energy intake (EI) and macronutrient composition. This was consumed during the experiment and on the preceding day. EI was predicted from the subjects FFM: EI (kJ/24 h) = 141 x FFM + 1,619. This algorithm was obtained by simple regression analysis on data from previous 24-h EE measurements on 18 nonobese women. Breakfast contained 25%, lunch 30%, and dinner 45% of the dietary energy, and the energy of the full diet was derived from 37% lipid, 48% carbohydrate, and 15% protein corresponding to a food quotient (FQ) of 0.853. Dietary energy content and composition were calculated by "DANKOST" dietary assessment software (National Food Agency). Bomb calorimetry of the diet revealed that its total energy content exceeded the estimated value by ~1.6%. The subjects consumed the experimental diet completely, except in one case where 3 g butter was left. This was taken into account in the calculation of substrate and energy balances. The respiratory measurements were performed from 9:00 A.M. to 9:00 A.M. The subjects met at the department at IO:00 P.M. on the night preceding the experiment to acclimate to the stay in the chamber. The subjects were instructed to maintain their usual life-style and to refrain from excessive food intake and physical exercise for a minimum of 4 days before each experiment. All 24-h measurements were performed between the 4th and the 14th day after the onset of menstruation. The first and last experiments were separated by a period of at least 96 h.
The 24-h study from 9:00 A.M. to 9:00 A.M. was carried out according to a fixed schedule. Meals were served at 9:00 A.M., 12:OO A.M., and 6:30 P.M. The schedule included four lo-min periods of cycling at an external work load of 75 W: 2 in the late morning and 2 in the afternoon. In addition, one time in the afternoon, the subject was instructed to walk the length of the chamber (3.5 m) 25 times. No further exercise was allowed. The rest of day was spent reading, writing, knitting, watching television, or on other low-energy activities. Sleeping or lying in bed during the day was not permitted. At night, from 11:15 P.M. to 7:30 A.M., the subjects were instructed to sleep in a bed, and from 7:30 A.M. to 9:00 A.M. they remained in bed, relaxed but awake. The subjects were under 24-h surveillance.
Heart rate was monitored continuously by an electrocardiogram telemetry system (DIALOGUE 2000; DANICA Elektronik Copenhagen, Denmark). Spontaneous physical activity (SPA) was monitored by a radar system (SISOR Mini-Radar; Static Input System, Lausanne, Switzerland) and was assessed as the percentage of time with recorded activity.
The 24 h were subdivided into shorter periods for further examination of the respiratory and SPA data: a "daytime" period from 9:00 A.M. to 6:30 P.M. with mixed activities, including the four cycling sessions; a "postdinner" period from 6:30 P.M. to lo:30 P.M. without any scheduled physical activities; and a sleeping period from 1:OO A.M. to 6:00 A.M.
At the end of the respiratory experiments the subjects remained in bed. Rectal temperature was measured by a mercury thermometer, and electric impedance was assessed tetrapolary by an ANIMETER (H.T.S. Engineering, Odense, Denmark).
FFM was calculated by the algorithm given by Heitmann (15) . Because impedance increased significantly from 564 * 10 fi in the 24°C experiment to 575 t 11 fi in the 16°C experiment, calculations were based on values measured at 24°C. The subjects were then weighed, and waist-to-hip ratio was assessed by measuring the waist as the least circumference of the midtorso and hip as the greatest circumference between the illiac crest and trochanter major. Fasting blood was taken after 15 min of supine rest in a room adjacent to the respiration chamber where the temperature was maintained similar to that during the respiratory measurements. Plasma was analyzed for glucose, lactate, free fatty acid, glycerol, insulin, epinephrine, NE, and albumin. To test the response to carbohydrate load, a meal providing 1.82 g carbohydrate/kg FFM was consumed within 15 min, while still maintaining environmental temperature. Expressed per kilogram FFM, it consisted of 0.7 g white bread, 0.06 g butter, 0.4 g jam, 1.5 g raisins and 0.2 cl sugar-sweetened concentrated fruit juice. Afterward, the subject was placed on the couch again, and 50 min after commencing of the meal, postprandial blood samples were taken.
Plasma glucose was analyzed enzymatically, as described by Bergmayer (5). Glycerol and FFA concentrations were measured as described by Laurel1 and Tibling (19, 20) , respectively. Concentrations of insulin were measured in plasma using radioimmunoassay kits purchased from NOVO-Nordisk, Copenhagen, Denmark. For determination of catecholamines, blood was collected in tubes containing reduced glutathione and ethylene glycol-bis(P-aminoethyl ether)-N&N'&'-tetraacetic acid. The samples were centrifuged, and plasma was stored at -80°C until determination (9). Plasma concentration of albumin was assessed as described by Gustafsson (14) . Nitrogen in urine was measured by a nitrogen analyzer (NA 1500 CARLO ERBA Strumentazione, Milan, Italy).
The statistical analyses were performed using Statgraphics software, version 4.2 (Plus*ware; STSC, Rockville, MD). The effects of cold exposure were tested by Student's t test for paired observations. One-way or two-way analysis of variance (ANOVA) were applied as appropriate for investigating effects of group membership. Effects of group membership on EE and respiratory quotients (RQ) were tested by an analysis of covariance where FM was included as a covariate. Relationships were assessed by simple linear regression analyses. All results are shown as means t SE.
RESULTS
Calorimetry and spontaneous physical activity. Twentyfour-hour EE was slightly but significantly increased from 351 t 7 kJ/h in the 24°C experiments to 358 t 6 kJ/h at 16°C (P = 0.02). This response was similar in the two groups (Fig. 1, Table 2 ). The increment was covered entirely by an enhanced carbohydrate oxidation (24 vs. 16°C: 162 t 4 vs. 170 t 5 kJ/h, P = 0.05), whereas lipid and protein oxidations were similar at the two temperatures. The effect of cold on EE was most pronounced in the postdinner period (24 vs. 16°C: 364 t 9 vs. 382 t 9 kJ/h, P < 0.001).
The postobese women had a 5% lower sleeping EE compared with the control group during both control and 16°C experiments (Table 2) . Further, a higher 24-h nonprotein RQ (RQ,,) was found in the postobese group (Table 3) , and this was attributed to a 26% lower lipidto-carbohydrate oxidation ratio. We investigated whether the higher RQ,p in the postobese group could be caused by a difference in energy balance; no differences were detected between EE and EI in the four group and temperature combinations except that a slight surplus in EI tested by an analysis of covariance (ANCOVA) where fat-free mass and fat mass (FM) are included as covariates. * 0.10 c P < 0.05 and 7 P < 0.05 between postobese and control group by 2-sided t test for paired observations. (14 t 3 kJ/h, P = 0.007) in the postobese group during the 24OC experiment caused a slight difference between the two groups in energy balance. This does not explain the higher RQ,, in the postobese women, as a group difference in RQ,, remained significant after inclusion of energy balance as covariate when analyzing the pooled data from the 24 and 16OC experiments.
During 16OC exposure, 24-h RQ in the postobese women was higher than FQ of the diet (RQ vs. FQ: 0.869 + 0.006 vs. 0.853, P < 0.05), and 24-h RQ tended to be higher in the postobese subjects in the 24OC experiment as well (P < 0.10). Because protein combustion was similar to protein intake in this group [ 16OC experiment, intake vs. oxidation: 1,279 t 20 vs. 1,187 t 87 kJ/24 h, not significant (NS)] the difference between 24-h RQ and FQ indicated that they were not in strict lipid and carbohydrate balance. In the control group, 24-h RQ did not differ from FQ in either of the two conditions (16'C experiment: RQ vs. FQ 0.849 t 0.005 vs. 0.853, NS).
SPA was detectable H-14% of the daytime in both groups and during both conditions. Sleeping SPA never exceeded 1% in the 1:00 A.M.-6:00 A.M. period. Daytime SPA in the 24OC experiments tended to correlate to daytime EE adjusted for differences in FFM (r2 = 0.23, P = 0.06), and postdinner SPA was positively correlated to adjusted postdinner EE (9 = 0.54, P = 0.001). We found no significant effect of cold or group membership on SPA in any of the periods.
Plasma analyses and additional observations. Rectal temperature measured in the morning after the 24-h stay decreased from 36.99 t 0.05OC for the 24OC experiment to 36.85 t 0.05"C for the 16°C experiment (P = 0.02) with no difference between the postobese and the control group. Twenty-four-hour urine production did not differ between the 24 and 16°C experiments. However, urine production between 9:00 A.M. and 11:00 P.M. increased from 1,492 ml in the 24OC experiment to 1,769 ml at 16°C (P = 0.01). Plasma albumin concentration was similar on both occasions (16 vs. 24°C: 45.6 t 1.2 vs. 44.2 t 0.9 g/l, NS), indicating that cold exposure did not induce hemoconcentration. The subjects were instructed to report any shivering, but no shivering was reported.
Daytime and postdinner heart rate (HR) were similar in the two experiments, but sleeping HR increased from 57.2 t 2.4 min-l during the control experiment to 60.6 t 2.5 mine1 during 16OC exposure (P = 0.01). No difference between the groups was seen in the effect of cold on sleeping HR. Table 4 presents fasting and postprandial concentrations of NE and epinephrine. When the postobese and control groups were pooled, a two-way ANOVA including group membership showed that cold exposure significantly increased fasting and postprandial plasma NE concentrations (Fig. 2) . The increase in 24-h EE from the 24 to 16OC experiment was positively correlated with the cold-induced increase in fasting NE concentration (? = 0.41, P = 0.01) and in postprandial NE concentration (? Plasma norepinephrine was measured on conclusion of EE studies.
Blood was taken from antecubital vein while subject was in supine position. = 0.34, P = 0.02). No group differences in NE or coldgroup membership interaction were demonstrated. Cold exposure had no effect on plasma epinephrine concentration. At 24OC the postobese group had a lower mealinduced NE increase than the control group (P < 0.05).
Fasting plasma concentrations of FFA and glycerol are shown in Table 5 . Glycerol concentration was lower in the postobese subjects when 24 and 16OC studies were pooled in a two-way ANOVA including group membership as a factor. We found no relation between 24-h RQ,, and fasting glycerol at either temperatures. Plasma glycerol concentration was not effected by cold exposure. Plasma FFA concentration was not influenced by cold or by group membership.
Fasting and postprandial concentrations of plasma glucose and insulin are presented in Table 6 . No effect of group membership or cold exposure was detected on plasma glucose, insulin, or the insulin response to the test meal. Fasting lactate was "borderline" significantly increasedbv cold (16 vs. 24°C = 0.75 t 0.07 vs.O.63 t 0.04 mmol/l, P = 0.05). The postobese subjects tended to have a higher fasting lactate concentration when 24 and 16OC experiments were analyzed and pooled (P = 0.07).
DISCUSSION
Twenty-four-hour EE and its components responded similarly to cold exposure in postobese and control subjects. Moreover, the NE response was also similar in the two groups. Hence, the reduced response to mild cold exposure of sleeping EE, resting metabolic rate, or resting oxygen uptake previously reported in obese subjects (6, 22, 23) may be a phenomenon secondary to the obese state. The most obvious reason may be the increased insulation by the subcutaneous adipose tissue, which is normalized after weight loss. Further, the reduced thermic response demonstrated in postobese subjects (2, 13, 27) may only relate to food intake. Concordant with the present intact thermogenic role of SNS was a recent study from our group where 24-h EE was reduced by ,&blockade only in a reduced-obese group, whereas no effect was observed in a control group (8).
The lower sleeping EE in the postobese group at both temperatures suggests a reduced basal EE in this group. This result is, to some extent, contradictory to the observations from a previous study performed in our department where postobese women showed a higher sleeping and 24-h EE (3). However, the carbohydrate-to-lipid ratio of the experimental diet was 1.8 in that study, which 
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ENERGY EXPENDITURE DURING COLD EXPOSURE was somewhat h .igher than the 1 ..3 in the present study. EE in postobese humans may be more susceptible to the amount of dietary carbohydrate (17). However, the differences in EE between the postobese and control group were small in both stud ies; in the present study the observed difference in sleeping EE was 5%. The higher 24-h RQnp in the postobese women reflected a lower 24-h lipid-to-carbohydrate oxidation ratio in this group compared with the control group. This difference was seen even though short-term effects of the subjects habitual diet on substrate utilization was avoided by controlling the diet on the day preceding the respiratory measurements. A lower lipid-to-carbohydrate oxidation ratio in postobese subjects has previously been observed in our department (3, 8) . Lean and James (21) also found a higher 24-h RQ in postobese subjects. Further, a study by Zurlo et al. (30) on Pima Indians indicated that a low lipid-to-carbohydrate oxidation ratio may predispose to weight gain, as they observed a positive association between 24-h RQ measured while consuming a standardized weight-maintaining diet and subsequent weight gain.
It is important to consider the fact that subjects fed a weight-maintenance diet over a sufficiently long period must reach macronutrient balance. The lower lipid-tocarbohydrate oxidation ratio in postobese subjects on the standardized diet may thus be explained by a slower adaptation of substrate utilization to the change from their habitual diet. Consequently, it remains a possibility that the group difference-may-be due to an impaired lipid combustion in individuals predisposed to wei .ght gain.
The 16°C exposure potentiated by the high air convection increased 24-h EE only by 2% despite the fact that it was uncomfortable for most of the subjects, and it decreased body temperature. Because cold failed to cause the sensation of shivering or to increase daytime SPA the higher EE is unlikely to be attributed to enhanced spontaneous physical activity. That nonshivering thermogenesis may commence before cold shivering has also been demonstrated in previous studies where an increa se in 24-h EE was seen by reducing room temperature within the comfort range (10, 29) . The relation between the coldinduced increases in NE and in 24-h EE suggests that SNS partly mediates the enhancement of EE during mild cold stimulation.
The increase in EE was entirely covered by an elevation in carbohydrate oxidation rate. This was also found by Vallerand and Jacobs (28) , who studied the response to more severe cold accompanied with shivering. They found a marked rise in EE that was covered entirely by a pronounced increase in carbohydrate oxidation.
In summary, the impaired dietary-induced thermogenesis previously observed in subjects predisposed to weight gain may not be extrapolated to cold-induced thermogenesis. Moreover, postobese women seem to exhibit a normal NE response to cold. However, we found a slightly lower EE and higher RQ,, in the postobese women when consuming a diet of the composition given in the present experiment. These deviations found in obesity-prone individuals may be possible factors promoting weight gain. 17.
